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Abstract

Calcium carbonate formation has been examined within
a range of solution supersaturations and magnesium-to-calcium

. ratios. Potentiometry, turbidimetry, and chemical analysrs were .
“used-to monitor changes in solution’ composmon solid phases

were characterlzed by optrcal,-_and scanning electron micro-
. scopy, specrfrc surface’area
. tometry. Nucleatlon"ates,,_
~.-position, and chystal. morphology

metastable supersaturated solutions was studied using a seeded-

.- growth technlque Underallcondmons calcite crystallization

‘rates were proportional to- the square of relative supersatura-
tion and were-coritrolled. by a.surface reaction. Kinetic analysis
demonstrated that the-observed reduction i in the rate of calcite
crystallization in the presence of magnesium ion resulted from
a decrease in the reaction rate constant. This observed reduc-
tion was consistent with-a Langmuir adsorption model, imply-

ing that the’ inhibition mechanism. involved reversible adsorp- -

tion of magnesium ions at growth sites on the calcite crystal
surface. The formation of an epitaxial magnesium-rich surface
phase was not significant. Crystallization experiments generally
did not reach calcite equilibrium. Supersaturation at the ter-
rnlnatlon of these experiments depended on the initial mag-
nesium ion ‘concentration and seed crystal-to-solution ratio,
d,emonstraun_g -a kinetically controlled reaction.

INTRODUCTION

, Rates and mechamsms of. carbonate mmeral reac-
tions in surface and subsurface waters are of considerable
interest in low-temperature aqueous geochemistry and are
important aspects of diagenesis in sedimentary rocks.

- Heterogeneous reactions of calcium carbonate have been
studied extensively (Reddy, 1978, and references therein).
Several investigators have demonstrated the importance
of kinetic factors in the approach of carbonate minerals
to equilibrium and the influe‘n'ce of kinetic inhibitors on

- the formatlon and drssolutlon of carbonate minerals.

' Magnesmm ion has commonly been cited as a mediator

of calcium carbonate mineral kinetics. For example,

- Thorstenson and Plummer (1977,-1978) and Berner (1978) - - +*

examined the influence of magnesium ion on the forma-

tion of calcium carbonate over a range of natural and

" experimental conditions; however; relatively little'is' known
about the reactlon rates or mechanlstlc details of this
1nh1b1tory process. |

Calcite-seeded growth in moderately supersaturated
solutions follows 'a parabolic rate equation in both the
presence and absence of magnesium ion (Reddy, .1978).
In these experiments, magnesium ion reduced the rate of
calcite crystallization by a mechanism involving the block-

age of growth sites on the crystal surface. No evrdence_
was obtained to support- the hypothesrs that a magnesium-

- rich surface phase formed during crystallization. Reddy
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ieasurements, and X-ray diffrac-"
al cle}numbers, plecmltate com-,
‘were found to be a function” -
" of supersaturatlon Jeveel, solutioh-hydrodynamics, and-magne- .
sium ion concentration. The! crystalllzatlon of: calcite from "

and Nancollas (1976) reported that high concentrations
of dissolved magnesium ion markedly influenced the
formation of calcium carbonate- by spontaneous
precipitation.

Inthe present study, the formation of calcium car- - .
" bonate has béen characterized by chemrcal ana1y51s, poten- .
tiometry, X-ray dlffractlon and optlcal and electron

‘tion and selid/solution- ratlos in the resence ar d absence :
*.of magnesium ion. Supersaturatlon, Q '
as the.calcium carbonate ion actrvxty pxoduct (IAP):.
.divided by the calcite thermodynamlc solublhty product :

, is: herein. ,efxned

(K, that is, Q = IAP/K ). . -
Supersaturation values aré commonly drvxded into-

two classes: labile solutions and metastable s_olutlons. This =~ '~

differentiation is based on the time required to form a
precipitate in the solution. Labile’$olutions have high
supersaturations; nucleation occurs withina brlef (typ- .

ically a few seconds) interval. after solutlon prepara-

tion. Metastable solutions, on the ‘other’ hand, :have: -
intermediate supersaturations; nucleation follows a spe-

cific well-defined interval, ¢, (referred to as the induction - - - ..

interval), typically from a minimum-of several minutes -
to several hours. Designation of supersaturatlon values
for each class is dependent on the ‘mineral being studied

" and the experimental conditions. For calcmm carbonate,:"-

labile solutions have supersaturations greater than 100,
and metastable solutions have supersaturations less than ‘
100. Metastable solutions can be prepared with low super-

saturation values (5-7), which do not nucleate within 24-

hours. These metastable solutlons are used for seeded-"

growth experiments.

MATERIALS AND METHODS -

Grade-A glassware, reagent- gra'de'chernicals and-
deionized, distilled water filtered through -Millipore!
filters were used.in all experiments. Prior-to each experi-

_ment, reagent solutions were-filtered through prewashed o
0.22-um Millipore filters ‘to' minimize the presence of o

heteronuclei.
Details of ‘the niicleation: experxments in Iablle-“
supersaturated solutions have: been presented elsewhere
(Reddy and Nancollas, '1976). These ‘solutions were -
prepared by mixing thermostated sodium carbonate and -
calcium chloride solutions in a'large reaction vessel as. -
rapidly as possible. The pro'gress of the precipitation

reaction was followed by the analyses of filtered sam--- -

ples withdrawn from the reaction cell. The calcrum con-
centration in the frltered aliquots . was. determined by

ethylene- diamine tetraacetic- ac1d (EDTA) titration with -

a micrometer buret in the presence of a Calcme 1nd1cator i

" 1Use of trade and company names is for descnptrve purposes only -
and does not imply endorsement by the U. S. Geologlcal Survey.




Magnesium ion analyses were pérformed in the same
manner (by difference) with the appropriate indicator
(Eriochrome Black T): Total carbonate concentrations in

..~ solution' were calculated from dilution of stock solution -
.and separately from - trtratlon of the frltrate wrth 0_01 N

",sulfurlc acrd

.- pH.was measured at 25 00 +> 0 02 °C w1th A Corn-‘_
mg Model 12 pH meter; a Sargent Combmatlon Electrode,‘ .
and ‘a Sargent Model SP. irecorder.. Electrodes were -

. calibrated prior to-and following each experiment with
National Bureau.of Standards standard buffer solutions

at- pH 6.865(0.025 M. potassium. dihydrogen phosphate, -

0.025 M disodium hydrogen phosphate) and pH 9 18 (O 01
M sodium borate) at 25°C. :

The. preparation of metastable supersaturated solu-
tions has been described previously ‘(Reddy, -1978).
Calcium, magnesium, and total carbonate concentrations

determined by analysis of the metastable solution shortly

after preparation agreed with the concentration values
-calculated from the dilution of stock solution. Solution

pH was monitored continuously, and turbidity was deter--

mined by a light-scattering technique on -aliquots:with-
drawn from time to time during the nucleation experi-
ments. Estimates of the length of the induction .period
from pH and turbidity measurements agreed within 5 per-
cent for the same experiment.

Precipitates for chemical and X-ray drffracuon
analysis and for optical and electron microscopy- were
obtained by filtering 10 to 500 milliliters of the growth

- suspernision through a 0.22-um Millipore filter, followed
by air-drying. Precipitates on the filter surface were coated
with carbon and gold and examined by scanning electron

"microscopy (SEM) using an ETEC Autoscan instrument.
Dried precipitates for optical microscopy were slurried in
a small amount of ethylene glycol and examined with a
Zeiss RA microscope. Specific surface areas of calcium
carbonate precipitates were determined with a Quan-

. tachrome Monosorb surface-area an'alyz'er. X-ray diffrac-
tion (XRD) analyses were done using Ni-filtered CuKo
radiation with a Siemens diffractometer or with a Debye-
Scherrer powder camera with a Norelco X-ray: generator.

Seeded-growth experiments began by inoculating a

stirred supersaturated solution with.a known weight of
. calcite seed at seed concentrations-of 0.05 to 0.5.g/L for
magnesium-free solutions.. Inasmuch as the rate of- for-
mation of calcite in solutions containing magnesium ion
can be considerably stower than in- magnesium-{ree solu-
-tions, two modifications of this laboratory scheme were
adopted for selected experiments. Several runs used seed
crystal concentrations greater than 0.5 g/L to enhance
calcite formation and the approach to equilibrium. Other

runs were reinoculated with calcite seeds after a specific. -
~ -growth interval, and the subsequent reaction was followed

to completlon
Several measurements of the crystallrzatron rate in
seeding solutions employed a constant pH of 9 using the

. separate pH and reference electrodes
" RESULTS AND DISCUSSION-

‘Nucleation in labile solutions .~ '

mixing (fig.

Radiometer pH stat system: TTT2 titrator, titrograph,
ABU 12 autoburet, a closed reaction cell with stlrrer, and

" 'lonic concentrations and ‘supersaturations’ were | . .
calculated from the measured pH and from 'the total e

calcmm and carbonate concentratxons by using mass-
action and mass-balance equanons (Reddy, 1978). (table' o
1). The solubility product of calcite and the stablllty con-
stants of CaCO, and CaHCO,* were taken from Jacob-
son- and Langmulr (1974). Super_s_aturatlon dropped

rapidly in continuously stirred labile s'olut"ion's; visible

onset of precipitation occurred within 2-10 seconds of -
). Initial pHs of 10.4 deereased to 95

500. &
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Figure 1. Calcite supersaturation (@) versus time for calcium

carbonate nucleation from stirred and quiescent labile solutions.
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Table 1. Initial solution concentrations and calcite supersatura-
tion values (@) for calcium carbonate nucleation from labile-
supersaturated solutions at pH 10.3
" [Total carbonate concentration 5 X 1073 M at 25°C. Leaders (---)
-] mdxcate no added magnesmm ion; Q. supersaturanon] :

Initial concentration (moles per liter x lu

"Experit - ___'[.‘lt_?_]_._. - o
e e
© 13 50  -- 26,83  17.16 ° 21:82 462
15 . 54" .1 . 28.83 ' 16.81 . 22.47.% 476 .. "
700 54 ..o 29.57°7 16,16 . 22.25 471
8 55 10 | 31.16. 16.42 22.13 468
9 83 10 30,25 ‘16,05 22.45 . . 475.
11 . . 53  --- . 29.65 16.12 22.30° 472
12 46 - 10 24.63 ~20.30. 17.54. 371

S13 58 - © 33,72 15.63 - ,23.97 508 - -

'Experiments 3 and 5 were stirred.continuously during precipita- -

tion; all other experiments were quiescent after intial mixing.

during the first 10 mlnutes of reaction and to 8 6 durmg
the first 100 minutes. Long-term solution pH’s approached

8.2. The total calcium concentration dropped from 5 X

10} M to a steady-state value of less than 1 X 10-3 M "

within 5 minutes of mixing and solutions rapidly ap-
proached calcite equilibrium. In unstirred experiments,
- the calcium concentration dropped more slowly with time;
" the experiments approached a steady-state calcium car-
bonate IAP significantly. greater than that for calcite
equilibrium (fig. 1). IAP’s during this phase of the
precipitation reaction may correspond to the steady-state
values of the-initially formed precipitate. .
The initial precipitate had characteristics of a non-
crystalline or microcrystalline material. X-ray diffraction
patterns had only a few broad peaks, and examination

by optical microscopy showed snbmierome;er, isotropic '

particles. In many experiments, however, vaterite and

calcite were identified in the XRD pattern, and under the

" microscope the samples consisted of a mixture of bi-
refringent crystals in a submrcrometer-mze, optically
isotropic matrix. By SEM, most of these initial precipi-
tates were seen to consist of uniform, submicrometer-size,
spherical particles that displayed no euhedral character
(fig. 2). Specific surface areas calculated for these. initial
precipitates agreed. well with the measured value of
15 m¥/g.

The formanon of calcrum carbonate polymorphs
and their subsequent transformation and incorporation
of magnesium ion drffered between the strrred and un-
stirred solutions, suggesting that the processes occurring
during or shortly after calcium earbonate nucleation from

highly supersaturated solutions were influenced by solu-

tion hydrodynamics. For example, both'the change in total
calcium concentration and the nucleation particles
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'Flgure 2 (facing page).

number (the number of particles formed in the super-
saturated solution) differed between the stirred and un--

stirred solutions. Particle number differences were most

pronounced for calcite rhombs and vaterite spheres. The

' precipitates that formed in stirred solutlons did not appear

" to have a noncrystalline cornponent (frgs 2B and 2D), .

: presumably ‘because of the rapid transforrnatlon of any
such materlal tHat -did- form. Scanning electron,
mrcrographs of precipitates collected on filters showed
. : that m stxrred so[utrons ‘containing Tow: concentratlons['
“of. magnesrum ion, calcite rhombs and vaterite spheres = -

formed.in nearly equal numbers: The recrysta.lllzatlon of

_,what‘may have initially been’ noncrystalhne material and
"unstable polymorphs of- CaCO, vielded. calcite with-a .~
unlform, twinned- rhombohedral morphology and a nar- -~ -

row size distribution (figs. 2C and 2E). XRD, optical

microscopy, and SEM demonstrated that for concentra-

tions of dissolved magnesium ion at or less than 10~ M,

the final crystalline product was calcite. Sufficiently high, -

‘concentrations of magnesium ion (10~ M). caused the

percentage of vaterite spheres to increase relative to calcite
rhombs.
The degree of incorporation of magnesium ion in

the precrpltate varied w1th the presence or absence of stir- . -

ring and with the initial magnesium concentration. Initial

‘total concentrations of magnesium ion were selected to

eliminate the formation of magnesium carbonate phases.. .
Magnesium-to-calcium ratios thus were low, ranging from

~ 0.2 to 0.02 in the initial solution. The calcium ion con- - -
~_centration decreased markedly during precipitation,
" whereas the magnesium ion concentration changed only

slightly. Thus, as the precipitation experiment approached
equilibrium the magnesium-to-calcium ratio in the solu-
tion.increased. For an initial unstirred solution contain-
ing 1 X 102 M total concentration of magnesium ion,

‘the .precipitate contained about 1 percent magnesium.

Experiment 12 (table 1) yielded a precipitate containing
1 mole percent magnesium ion 3 minutes after the onset

" of nucleation. Four subsequent analyses of the precipitate
" at intervals over the next 100 minutes showed that the mole =" =
" percent magnesium decreased to 0.7 percent. Precipita-
. tion. from a similar solution that had an initial concen-
‘tration of magnesium ion of 5: X 10 M showed 0.7

mole percent magnesium in the precipitate 3 minutes after. -

" nucleation, whereas after 10 ‘minutes . the magnesium

Scanning electron mlcrographs of
calcium carbonate precipitates from stirred and unstirred solu-
tions. A, unstirred solution, 3 minutes after nucleation. T,, g

5 x 104 M. B, stirred solution, 5 mirutes after nucleatron, no - -

added magnesium ion. C, as in B but 1 day after nucleatlon .
D, stirred solution, 5 minutes after nucleation. T = 1 %7107 '
M. E,asin D but 1 day followmg nucleatron Bar marker is one
micrometer long.
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content of the precipitate had decreased slightly to 0.6
mole percent.

' Continuous stirring following nucleation yielded
precipitates with somewhat higher magnesium ion con-
tents. Experiment‘2 ‘which.was equivalent to experiment

12 except that " it - was unstrrred produced. .an initial
: precrpltate that contamed 2.3 mole percent magnesrum

5 mlnutes aftér nucleatlon *The’ magnesium content of

" the’ precrpltate decreased to 1. 6 mole percent within the -

frrst 100 minutes-of reatiofi.

In- each nucleanon experlment (st1rred and un-

_strrred) that was sampled successwely durmg the reaction,
. _the magnesrum ‘content of the mltlal precipitate was at
Ca maxrmum As the prec1p1tate aged its magnesium con-
'~ tent decreased typlcally several tenths of 1 percent over

the course of the experlment In contrast, the precipitates

~that formed in the sealed-bottle experiments showed
“higher magnesrum contents at the termination of the reac-
tion. Inasmuch as copius amounts of calcium carbonate

prec1p1tated in- the first few. mlnutes of the. reactlon,.

changes in the magnesium 1on content of the precipitate

were probably .dué in. large part .to transformatxon and a
- recrystallization:processes.. - S

The variation in’ the" magnesrum content of the
precipitate during the formatlon of CaCO, may be due

to a number of factors. The reaction rate is lmportant o
because at high rates of precrpltatlon (at the start of reac-

" tion) more magnesium was mcorporated in the precrpl-

tate than later in the reaction when the reaction rates were.
. significantly lower. ThlS observatron is in-agreement wrth T

that of Berner (1978) who. reported that experiments at
. high supersaturatxon and high prec1p1tatron rates produced

calcites richer in magnesium. The mcorporatron of

magnesium durmg the precrpltatlon of calcium carbonate

" may have involved polymorphs other than calcxte whrch;
have dissimilar magnesium ion distribution coefficients,"

thus leading to a variation in the drstrlbutron coeffrcrent
_w1th changing polymorph composition.” -
Long-term experiments: 1nvolved the: recrysta.lhza

of the calciim carbonate prec1p1tate ina solutron havmg L
a magnesium-to- ‘calcium ratio srgmfrcantly higher than- -
that at the initiation of the precrprtatron Thus, because
_of the higher ratro, magnesrum jon'may have. been incor-.. "
porated into the: precipitate - either vra a SOlld state.

" exchange of surface magnesium. or “by the formatron of .

a magnesmm rlch surface phase R

Nucleatlon in metastable solutlons

The nucleatron and subsequent crystalhzatron of ;
calcium carbonate in stirred, 'metastable-supersaturated-
solutions (table 2) formed less compleéx precipitates- than .
those that formed from labile- supersaturated solutions.”

Lower initial supersaturations in metastable solutions
reduced the amount of initial noncrystalline precipitate
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Table 2. Calcium carbonate nucleation without and with
magnesium ion at 25°C

[Leaders (—-) indicate no added magnesium ion; Q, supersaturation;
¢, induction interval, in seconds)

“Total initial concentratvon-?f'"f"
(moles per. hter) X 104

-Cazf

-Experi<T 3"
. ment . . R
3 26.64" 41,39 8,565 .:
2 13032 e T A1030 8567 ,100
6 33,30 ¢ Cce- 41,39 B;SOZA:A 2 x
7 013.32 Toeee 41,39 8.654. - 18.6 1, 500
8 o 26,64 . = 41,39 .;’8,505" 24:5 " 660 - -
9 33,30 . 41.38-° 8.545 . 32,0  -300 .
12 46,62 —— 41,38 ‘8{4485‘A33;9-?:; 300 b
13 6.66 - - 41,38 8.832 14,2 . .4,500 ;
16 19.98 - 41,38 8,647 26.1.° - 720 °
M2 40.05 3,214 41,64 .- 8,585 -39.9 . 300 .°
M3 26.70 ©2.142 41,64 .7°8.665. 34.2 . - 450
M4 13.35 1.071 41.64 . 8.830 25.6 - 960 -
M12 43.74 15.01 . 41,55. - 8.419 .28.7 1,050
M14 26.05 25.91 41,64 - 8.523 22.4 1,740
M17 52.09 51.82 41.64 8,302 ZZLSI_'ilgﬁﬁof
M22 6.34 12.75 41.69 8.725 - 13.9 '8,640°
125 | 50,00 252.09 41,71 8.135 10.7 15,120 -
M27 . 72,67 385.34 41,718 1

,025- 10:8. 15,600 -

and led to smaller amounts of unstable polymorphs.
Direct nucleation (that is, crystal formation from an

initially supersaturated solution without intervention of.

an antecedent) appeared to be important in the’ develop- g
.ment of the ultimate crystal assemblage. ‘

. The predominate crystalline components of: thef
precipitate, over a range of magnesium jon concentrations -

- and supersaturatrons, were vaterite and aragonite. The for—’.;f. -
" mation of calcite from the metastable solutions was - -
" retarded. Some aged solutions,. containing low concentra- -

tions of magnesium ion, developed calcite as a final

- precipitate. In these experiments, initially- forméd vaterite -~ -

transformed to calcite during the course of the experiment.
Precrpltates from solutions containing hlgh concentratxons_ s

- of magnesium ion were aragonite.- . _ ' B
An'abrupt. change in solution pH and turbrdrty was i
used to identify calcium carbonate nucleation. The time: .

required to initiate this change after the component solu-

“tions were mixed, was considered to be the inductioninter-.

val (2). ‘At low. supersaturatlons, changes in the solution . -

pH and. turbidity during nucleation were less pronounced -

Induction intervals and the number of particles formed -

"durmg nucleatron (partrcles per milliliter) exhxblted little :
“§ystematic varratlon wrth changing magnesmm ion con-
-“centratron (flg 3).

Both the induction mterval and the number of par—

‘ ‘litlcles per milliliter followed a:log-log linear relationship
¢ _with calcite supersaturation; the best-fit line for solutions

contammg magnesrum ior lay slightly above that for the -

"~ . magnesium- -free solution (fig. 3). The presence of mag- -

nesium ion in the supersaturated solutions lengthened
the induction interval and led to a larger number of

Cag
420 .




nucleation particles. Nucleation rates, defined as N/¢,,

were thus used to identify the metastable region of calcium

carbonate supersaturation and to quantify the influence

of magnesium ion on this reglon (fig. 4)..
As discussed previously, metastable soiutlons can
.be divided into two.groups: (1) those having a.very small

nucleanon rate, and (2) those havmg a measurable nuclea- -

tion rate, with- subsequent crystalhne phase formatlon in
a specific time interval ¢, A rate of 50 partlcles per ‘cubic

‘centimeter per second has been chosen as the. boundary '_
between these two regions. For the expertments shown in”

‘figure 4, the calcium. carbonate metastable regron extends
from @, =1 to Q
magnesium ion 1ncreased both the 1nductton mterval and
the nucleation particle number:in roughly the same pro-
portion, magnesium ion did not appear to have ‘altered
the calcium carbonate nucleatio_n.rate appreciably.

‘Calcite-seeded crystallization,

The initial conditions for -calcite-seeded growth

experiments are given in table 3. Typical plots of the con-,
centration of calcium in solution and pH against time for

calcite growth.in the présence-and absence of magnesium
ion illustrate that seed crystals induced immediate crystal

growth Total calcium concentrations and solution pH’s-

demonstrate that magnesium ions dld not prevent. crystal—
" lization, but‘that they reduced the calcrte crysta[ltzatron
" rate markedly. The role of magnesium ions is most.clearly

shown with the second addition of seed crystal to solu- -

tions with thé high magnesium-ion concentration. Ini- ' .
tially, the concentration of calcium in solution decreased - techmque Rate-constant reduction occurre d at magne-
_ only slightly, but'if more seeds were added the growth rate . . '

nearly equaled that of the magnesium-free control reac-

tion. The formation of calcite from supersaturate'd solu-.

. tions with a high concentration of magnesium ions.was -
thus kinetically inhibited and proceeded only -when suf-
ficient reactive surfaces were available. Magnesium. exhib--

ited no marked changes in solution concentration during

the course of -the reaction. The crystallization rates

followed an expression- found to hold 1n earlier . work
(Reddy, 1978) ~ o

dN/a’t = ksNT, e Q)

whire N'is the amount of calcium carbonate'i'n'moles‘per :
liter at time ¢ (from_ the start of the reaction by addition .

© of seed crystal) in rn1nutes to’ be prec1p1tated to reach

' (calcite) equﬂrbrrum dN/dt is the calcite crystalhzauon
reaction rate; k in [(moles per hter) >< ‘minutes X milli-
grams of seed crystal per liter]! is the crystal growth rate
constant; and s in mllhgrams of seed per liter is the added
seed concentration and is proportional to the surface area
available for growth.

“ where" N (the initial theorettcal crystal yleld)‘ls calmte.;»'

:plots of N

= 10. Inasmuch as.the presence of -

~ Analysis of the data for the seeded crystallization
experiments was facilitated by use of an integrated form
of equation 1: ' .

(moles per liter) to be precrprtated fromthe stable super

saturated solution at the time of seed inoculation. Linear: . . %
- N versus time demonstraté the validity: .- -
~of ‘equation 2 (Reddy; 1978) for interpreting the . ..
experimental results. Rate constants for calcite crystalliza- . o

tion in solutions with and without magnesium ion are -
listed in table 3. The parabolic dependence’ of the. crystal -
growth rate (the N? term in equation 1) is consistent with

a calcite crystallization mechanism involving a. rate- - .

hrnmng surface reaction step at the crystal face (Reddy,»
1978). N : '
Equation 2 enables a quantitative descrtptlon to be

- made of the influence of " magnesium ion on calcite crystal-.
N, versus time showed "~
. a decrease in slope (ks from equation 2) with i mcreasmg L
magnesium ion concentration. The 1nﬂuence of mag-~

lization k1net1cs PIots of N -

nesiim ion on the calcité crystallization rate was compared' )
for different experiments by plotting the reduced reaction-
rate constant, k/k, (where k is for solutions containing -

~ -magnesium ion and k, is for magnesmm-free control .
. expertments) as a functron of the magnesium ion con-

‘-'centratron (fig. 5). Th1s plot presents the data shown'in
table 3 as well as two sets of published data. The good"

agreement of the four independent sets of experxmenta.l o
results is evidence of the reliability of the seeded-growth )

sium ion concentrations of 10~ -5 M: pronounced decrease -
in the rate constant was evident above 2 X 104 M. Pre- -

“vious investigations have shown that calc1te growth-rate .
. .reductton ‘follows ‘a Langmurr—type adsorptron model S
: (Reddy, 1978) If “this treatment is appropnate, the -/

crystallization rate constant in the presence ‘and absence -
of magnesium ion: ‘1s
ko ey = k) L+ ky(k, Mgu)", | @)

wheré k and k are ‘the adsorptlon and desorptlon rate .

r constants, respectwely, for magnesium ion at the growth

"sites on the ¢rystal surface and T
~ centration. of dissolved magnesmm jon. A linear rela-- -
: tlonshlp between ko/(k, - k) and ‘the remprocal of the

Mgt is the total con- -

total magnesrum ion concentration (fig: 6).demonstrates

that the Langmulr adsorption isotherm model described: "
. the inhibition satisfactorily. This agreement over a wide
‘range of solid to solution ratios implies that inhibition

of calcite growth was due to the adsorption of magnesium -
ion at growth sites on the crystal surface,
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Figure 3 (above and facing page).

Approach to calcnte equnhbrlum '

Whereas an adsorptlon mechamsm is compat1b1e s

" . with calcite growth-rate inhibition by magnesium ion dur-
ing most of the reaction, equation 1 does riot describe the

crystallization process near equilibrium. In the absence -

of magnesium ion, and at an intermediate seed-crystal
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Number of nucleatlon partlcles and mductxon lnterval versus calcute supersatura-
tion'for precnpltatlon W|thout and W|th magensmm ions. SRR

‘ -conce'ritratibﬁ calcite equilibrium was attained within 100 -

minutes of reaction. In the presence of magnesium ion,
even .with- significantly higher seed concentration, the:
crystalllzatlon did not reach calcite equilibrium (fig. 7). -

_In several experiments, the solution composition after

extended reaction time’changed only slightly .and ap-—

peared to approach steady-state calcite supersaturations
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'mgrufwant[y greater than equilibrium. This steady-state.

ca1c1te supersaturatlon value was related to both the initial

' magnesmm ion concentratlon and the seed- crystal con-
~centration (f1g 8). Changes in ‘the concentration of-
‘magnesium ion during calcite growth were not statlstlcally i

’ _51gn1flcant over the initial phase of the. reaction. Long-
. term equilibration and successive seed additions, however,
Jed to_the loss of magnesiim ion from solution.

" Steady-state supersaturation, the saturation value

_approached in solutions at long reaction times, was clearly

related to magnesium-ion concentration (fig. 7). At higher
magnesium-ion concentrations, steady-state supersatura- -

‘tion was h1gher With a second addition of seeds; new - -
. steady-state supersaturatlons were reached which were = -+ -

closer to ‘calcite equilibrium. Steady-state supersaturatlon

‘values for several rephcate experiments’ at intermediate

seed concentrations were in good-agreement. Crystalliza-

tion experiments, at 51m11ar seed-crystal concentrations;

exhibited steady—state supersaturation, which was a func-
tion of the log magnesium ion concentration (fig. 8). This
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Table 3. Experimental conditions, seed crystal concentrations (s), and rate constants
{k) for calcite growth in the presence and absence of magnesium ion
[s in milligrams per liter; rate constant (k) in (moles per liter)- (minutes) - (milligrams of seed per liter)]

Initial concentration of ions

in

solution (moles per liter) x 104

Total

Ca2+, Mg2+ LCQ32"

Ca

2+ pH

|
j=~

40.97
40,97
40.97
40.97
38.62

.258 0
2380 .
315 10,979 .
172 10.979
L0787 5,227

v
=
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S e

40.
40.
41.
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30
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243"
.197
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.233
.723.

s
WO ;N

.08
.066°

w
<N
NN — RN
— P = e

.874
.848
.924,
.837.
.749

.875°
.828
.679
.031
.938

.40 -
.42
.0124
.0084
.020

248
24.8
1247 .

1247

2327

.01
.02
.00
.00
02

2,307
2.357 -
2,393
2.394 -
2.279

OO W W
OO O

.162
.037
.49
.0012
.025

249
248
249
1370
2410

.00
.01
.638
.736
.736
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-2.382
1.035
.1.385
1.262

00 00w WO
O OO

25x10" : T — - v T T
O WITHOUT MAGNESIUM =

104 |- © WITH MAGNESIUM

»

R,
IN PABTICLES PER MILLILITER PER SECOND

10°

102

CALCIUM CARBONATE NUCLEATION RATE

10

1 L i t L .| il " L

4 8 .12 16 20 24 ‘28 327 36
' .-cALclTE,SUPE_RSATURATIQN Q)

40

Figure 4. Calcium.carbonate nucleation rate versus calcite

supersaturation -in “solutions without and with magnesium

Sjons.
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situation may have arisen because of irreversible adsorp-
tion of magnesium ion on the calcite surface forming .
localized areas of a magnesium-rich phase. This explana-
tion is consistent with the suggestion of Fajans (1931) that -
an ionic species is strongly adsorbed on a crystalline solid
if that species forms an insoluble compound with opposite
charged ions of the crystal structure. A quantitative
description of this process is difficult to develop on a

- theoretical basis, because the incorporation of magnesium

ion during growth led to changing surface properties with
time. The incorporation of magnesium ion (or subsequent -
exclusion from a growth phase) may have been a func-
tion of growth rate. During rapid crystallization, ions may
be. incorporated in a crystal by a process that does not
correspond to simple adsorption (Adamson, 1960). Such
adsorption would be accompanied by surface exchange.
In the present experiments, magnesium ions may have
been continually taken up or released as each growth layer
came into-exchange equilibrium with the substrate crystal
and the solution. The final steady-state supersaturation
value decreased linearly (fig. 8) with increasing log of the
" seed concentration.

Other authors have emphasized the kinetic restric-
tions associated with the heterogenous reactions of
aqueous calcium carbonate in the presence of magnesium
ion. For example, Thorstenson and Plummer (1977, 1978)
termed the steady-state solution composition in such

" systems “‘stochiometric saturation.’’ The solid phase in
contact with this solution remains invariant, eventhough
it may be part of a continuous compositional series. They

.- .proposed that the magnesium content of solid calcium
carbonate should be governed primarily by the activity =~ .-

product of calcium and carbonate ions in solution. From

.. the ‘thermodynamic requirements: of .stoichiometric

‘saturation, the solution’ magnesium-to-calcium ratio
should not be a major regulating factor in determining
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the composition of the solid phase. Results obtained in

the seeded-crystallization experiments are consistent with
the hypothesis of Thorstenson and Plummer, because
calcite containing little or no magnesium ion formed over
the range of experimental conditions .used.

Berner (1978), in discussing the magnesium content ;

of calcite precipitated from seawater, emphasized that the

composition of the solid phase.is controlled .by kmetlc"

factors, and that it.does. not represent exchange equ1hb-
rium of calcium and magnesium ions between seawater‘
“and calcite. Morse and others (1979) observed a magne-
sium calcite growth onto a calcite crystal suspended in

seawater. This incorporation of magnesium in the growth
phase in the seawater experiments differs from the dilute
solution results presented in this paper. The differences
may be due in part to the higher ionic strength of the

seawater. medlurn or to naturally occurring calcite-growth

inhibitors present in seawater, which could have facilitated -
_ the formation of magnesium calcite. Additional work on- .

the comparison of laboratory and field calcium carbonate

formation kinetics seems needed.

CONCLUSIONS

Dlagenetxc transformatlons of sedxmentary car-
bonate minerals arise from numerous processes including

. calcium carbonate nucleation and crystal growth. Results . '
_obtained in this study demonstrate that calciu

mineral formation was characterized reliably and repro-
ducibly over a range of magnesium ion concentrations.
Both magnesium ion distribution.and calcium carbonate
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formation exhibited systematic variations over a wide

range of calcium carbonate formation rates and
supersaturations.

Solution supersaturation, hydrodynamics, magne-
sium ion concentration, and reaction path were involved

in regulating the course of calcium carbonate formation.
Supersaturation level was of paramount importance in the

experiments examined here. At high’ supersaturations
. nucleation proceeded rapidly, yielding an unstable and
" reactive initial precipitate, which rapidly transformed to
* riiore stable carbonate minerals. Solution hydrodynamics
and the concentration of magnesium ion had a secon-

dary influence .on the nucleation reactlon at hlgh_

- supersaturation.

At intermedjate supersaturations (10 40) the
influence of supersaturation on the precipitation reaction
was also-important: nucleation particle number and
-induction interval followed a log-log linear relationship
with supersaturation. As observed at high- supersatura-

- tion, magnesium-ion concentration level had a secondary .-

influence on the .rate and course of reaction. High
magnesium-ion concentrations regulated the polymorphic
composition of the final CaCO, precipitate.

For calcite-seeded growth from metastable solu-

tions (supersaturations of less than 10), nucleation proc-
esses were unimportant. The growth rate followed a
“second-order rate equation, consistent ‘with a surface
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reaction rate-determining step. Magnesium ion reduced

calcite formation under these conditions by blocking
growth sites on the seed crystal surface. Variation of the
reaction rate constant with magnesium ion concentra-
tion is consistent with a Langmuir adsorption isotherm

model. Because many sediment reactions occur in meta-
stable solutions, the quantitative description of the
influence of magnesium ion on the calcite crystalliza-
tion rate may be useful in interpreting field -observa-
tions. Additional support.-for a kinétic mechanism for -
the retardation of the growth rate of calcite by mag-
nesium ion is that the steady-state supersaturation,
reached at the apparent end of the crystallization experi- -

" ment, was a function of the experimental solution-to-
" solid ratio. The formation of ‘a magnesium-containing

surface phase did not appear to be-associated with the
mechanism of magnesmm 1on 1nh1b1t10n of calcite crystal )
growth '
Bathurst (1983) pomted out several puzzling aspects
of carbonate cement mirneralogy which may be clarified -
by a fuller understanding of the chemical processes

- involved in calcite crystal growth. Cement formation and

dissolution reactions are regulated in large measure by
the solution concentration of magnesiumion; however,.
supersaturation levels and the presence of a reactive

- growth surface can be more influential than magnesium -
ion concentration in some situations. :
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As an example of the application of laboratory

results to a field situation, consider the formation of low-.--

magnesian calcite from marine sediments that have been

uplifted and bathed in fresh. water. Mackenzie and others - .
(1983) summarized the results of numerous investigations -
which showed magnesium loss :and fabric retention dur-
ing freshwater diagenesis of high-magnesian calcites: This . .
reaction depends’ strongly on- solution. supersaturation .-
level and the presence ~of crystallization inhibitors.: -

A‘lthough the high'-x_nag'nesian' calcites are less stable than
low-magnesian’ calcite,- the transformation - from -the

- -unstable phase to the stablé phase was not observed until -
*- the sediment pore water changed from a marine to-a -

- freshwater composition. :

_ Tt is unclear whether the rate-hmltmg step-in the
transformation is the dissolution or the crystallization
process. If the crystallization reaction is rate-limiting and

calcite supersaturation values are fixed by the solubility
-of the high-magnesian calcite, calcite will. not form until.
‘the solution concentration of magnesium ion decreases to -

a value consistent with an appreciable calcite growth rate.
If a minimum necessary rate constant -is assumed to. be
1 percent of the value in the absence of magnesium ion, -
from the data in“table 3, the magnesium concentration .
associated with this calcite growth-rate constant is about -
1-2 millimoles of magnesium ion per liter. To reduce a

. seawater - magnesium-ion : concentration to this' value
- requires a 50-fold dilution, a value consistent with circula-
“tion of a low-magnesium fresh water-in the uplifted sedi- .-
. ment. Conversion rates would also be regulated by

hydrodynamic factors, including the pore-water ﬂushmg

rate. -
The observed microstructure retention during the

_transformation implies low-solution supersaturations and
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low growth rates. Release of magnesium ion to the pore
water during recrystallization will limit supersaturation
and growth rates at the microstructure level.

The important point concerning the application of
laboratory studies to carbonate-sediment diagenesis is that
information about the mechanism of magnesium ion
regulation of carbonate-sediment diagenetic reactions is
available. Laboratory studies, such as those presented in
. this paper, give reliable, quantitative estimates of the
mﬂuence of magnesium ion on mineralogical changes that
occur in sediments. Additional work is needed to extend
these results to actua_l sedimentary environments.
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